Using fluorescent antibody techniques (FA) and light microscopy (LM) and electron microscopy (EM), this paper describes the morphological features of the ileum in the DK1 mouse orally challenged with adenovirus K87. At the peak of infection, virus is easily identified by FA in the epithelium of the villi and crypts of the ileum. LM 
The physicochemical, pathogenic, and oncogenic aspects of adenovirus-host cell interaction have been well studied in in vitro systems. Yet little is known about adenovirus-host cell interactions in vivo (15) . In particular, we lack information concerning virus tissue tropisms and the histopathological aspects of adenovirus infections in the digestive tract.
Adenovirus strain K87 (8-10), originally isolated and identified by Hashimoto and his colleagues from the feces of a healthy inbred mouse, strain DK1 (28) , grows well in mouse kidney tissue culture (9) . Either oral or parenteral administration of K87 to mice results in replication of the viral antigens exclusively in the bowel but produces no symptoms in the infected animals (19) . When DK1 mice are orally infected with suspension of K87 grown in mouse kidney culture cells, viral antigens start to increase at 3 days and reach a maximum between 7 and 14 days after infection (10). At the height of the viral replication in the gut, numbers of virally infected cells are found in the epithelial lining of the distal small intestine; this has made feasible electron microscope observations on the adenovirus-host cell interaction in vivo.
The present paper describes morphological features of an experimental enteric infection of the DK1 mouse, inoculated orally with mouse adenovirus strain K87, as observed by the fluorescent antibody (FA) technique and by light microscopy (LM) and electron microscopy (EM). In particular, it establishes the small intestinal epithelial cells as the site of replication of the structural antigen of K87 adenovirus.
MATERIALS AND METHODS Mice. Fifty-eight mice used in this experiment were 4-week-old, inbred strain DK1, white mice (28) , caged individually and allowed access to food and water ad libitum. Of these, 46 (Fig. 1) . They appeared singly and were randomly distributed in both villi and crypts ( Fig. 1 and 2 changes, which included a decreased villuscrypt ratio and a moderately increased cellularity in the lamina propria (Fig. 3) . However, there was no acute inflammation in the mucosa. The crypts were slightly distended and contained cellular debris (Fig. 4) . Paraffin sections stained with hematoxylin and eosin and carefully examined at magnifications of more than 300 revealed large, bizarreshaped, homogeneously basophilic nuclei, which were sparsely distributed in the epithelial lining of both villi and crypts (Fig. 4 ). Some were oval or round; others were angular. Under oil immersion (x 1,200) they often showed several smaller, dense inclusions surrounded by less dense nucleoplasm. These inclusions were consistently Feulgen positive but periodic acidSchiff negative, indicating the presence of deoxyribonucleic acid.
The enlarged nuclei in the infected ileal tissues were identified by LM more easily on Epon preparations than on paraffin sections; moreover, Epon sections revealed better structural details. The nuclei were round or oval or had an irregular perimeter (Fig. 5) . The most common shape was oval, outlined by a distinct nuclear membrane with a lightly stained nucleoplasm, containing small dense granules often concentrated at the periphery (Fig. 5) . The distribution of these granules, however, varied from one enlarged nucleus to another, and they could be also evenly distributed throughout the nucleoplasm.
Some enlarged nuclei were clearly located in columnar cells of the villus epithelium. It was not possible, however, at the LM level to recognize with certainty all the cell types in which these enlarged nuclei were located, especially in the crypt epithelium, which is closely populated by different types of cells.
EM. Ultrastructural studies confirmed the LM observations and provided further details.
The fine structure of the small intestine of mice was similar to that of other mammals and has been described in detail (24) . On the basis of their ultrastructural characteristics, intestinal epithelial cells could be divided into four types (27) : columnar, goblet, Paneth, and argentaffine cells. Between the epithelial cells of both villi and crypts were thelial lymphocytes (23 vations were mostly made on ileal tissues obtained 14 days after oral infection. Enlarged nuclei were then easily identified in both crypt and villus epithelium at low magnification and corresponded to those observed by FA and LM. They were confined to three types of epithelial cells, columnar, goblet, and Paneth (Fig. 6, 7 , and 8). Nuclei containing large viral masses belonged to columnar and goblet cells on the villi, whereas in the crypts they were found preferentially in the Paneth cells and more rarely in goblet cells.
At high magnification, fully formed virions were identified in the infected nuclei (Fig. 7) . They were strikingly uniform in size, being 75 + 5 nm in diameter, and appeared hexagonal (Fig. 7) . In favorable sections, two types of virions were identified, some with dense central cores and others with electron-lucent centers (Fig. 8, 9 , and 10). Most virions were arranged in typical arrays (Fig. 7, 8, and 9 ), whereas others were free and randomly scattered in the nucleoplasm, close to arrays in a dense homogeneous matrix, or abutted to a less dense and granular matrix (Fig. 11) . The number of virions in each infected nucleus varied from one cell to another; in some nuclei they aggregated in small numbers (Fig. 10) , whereas in others they formed large crystals (Fig. 8) , often exhibiting alternate light and dark bands ( Fig. 8  and 10 ). In some infected nuclei there were several ill-defined, electron-dense spherical (Fig. 8, 9 , and 10), whereas in others, also containing homogeneously dark spheres, portions of the peripheral nucleoplasm, including virus aggregates, projected toward the cytoplasmic matrix ( Fig. 9 and 10 ). These nuclear projections resembled the nuclear projections filled with virus aggregates that have been described by Fong et al. (7) as well as the "protrusions of the nuclear membrane" of Yamamoto (30) . Occasionally the nuclear membrane topographically close to viral particles was partially dissolved, resulting in free communication between the nucleoplasm and cytoplasmic matrix and the release of virions from the nucleus.
In the cytoplasm of infected cells, virions might be enclosed in membrane-bound vacuoles together with dense amorphous material VOL. 13 and fragments of membranes or they might lie free, without enclosing membranes (Fig. 11) . Other cytopathic changes in infected columnar cells included the emergence of slitlike translucent spaces enclosed by a single membrane (Fig. 8) and swelling of mitochondria, whereas other cytoplasmic organelles such as endoplasmic reticulum remained unchanged. In contrast, the cytoplasmic components, including the granules, of the goblet and Paneth cells showed no significant changes, even though they contained a large number of virions.
Both columnar and goblet infected cells were seen in the process of shedding from the midvillus epithelium into the intestinal lumen (Fig.  11) , whereas the Paneth cells were seen shedding into the crypt lumen (Fig. 12) . Extruded cells containing virions showed a variety of degenerating cytoplasmic organelles, as described above. Sometimes virions were identified free in the gut lumen.
Neither viral attachment to the microvillus nor viral penetration through the microvillus and nuclear membrane was observed. Mesen- 
DISCUSSION
The present observations have demonstrated viral replication of mouse adenovirus K87 in the epithelial cells of the small gut mucosa. By FA technique, the specifically labeled fluorescent viral antigen has been clearly localized within the intestinal epithelial layer of both villus and crypt, and LM has identified it with nuclear inclusions of cells in the epithelium. Since the epithelium of the small bowel of normal mice consists of four kinds of epithelial cells, i.e., columnar (absorptive), goblet, Paneth, and argentaffine cells, and includes also migrating cells of mesenchymal origin (21) such as lymphocytes, neutrophilic leukocytes and globular leukocytes, it has not been possible to determine by FA and LM the specific cell type in which the adenovirus replicates.
The present EM evidence has ruled out the possibility of mesenchymal cells as the replication site of the K87 viral antigen and has established without a doubt that K87 adenovirus replicates only in columnar, goblet, and Paneth cells. Adenovirus K87, therefore, demonstrates a specific tissue tropism, since virions are absent from other intraepithelial cells such as argentaffine cells and lymphocytes. Characteristically, the columnar, goblet, and Paneth cells are the only cells that face the gut lumen with a microvillus surface. It is, therefore, possible that specific receptor sites such as those shown in cultured cells for other adenoviruses (6, 14, 17) necessary for viral replication and visualization, the columnar and most goblet cells would have migrated out of the crypts and onto the villi, whereas the Paneth cells, which remain in the crypts and whose turnover is much slower, would allow replication to occur in the crypts to such an extent as to be easily visualized.
In the normal mucosa, epithelial and goblet cells are not extruded until they reach the tip of the villi, and the structural integrity of the gut epithelium is maintained by characteristic interdigitation and invagination of the lateral plasmalemma of epithelial cells, which are tightly connected through intercellular junctional complexes. During the adenovirus K87 infection, extrusion of infected columnar and goblet cells may occur at the midvillus level, whereas an accelerated extrusion of Paneth cells has been observed in the crypts. The premature shedding of adenovirus-infected cells, we believe, represents a morphological expression of adenovirus-induced cytopathic effect. A similar, excessive loss of epithelial cells is commonly associated with acute enteric infections (20, (22) (23) (24) . It has been suggested that under these conditions accelerated shedding of epithelial cells results from failure of intercellular junctions, which may be related to loss of calcium due to changes in calcium metabolism (22) . It may be possible that a similar mechanism is at work in the present virus infection.
Intracytoplasmic membrane-enclosed vacuoles bearing viral particles resemble the phagocytic inclusions containing adenovirus 7, described by Chardonnet and Dales in HeLa cells infected with that agent (2) , and also the autophagic vacuoles and phagolysosomes containing pathogenic bacteria, which are found in intestinal epithelial cells (24) .
In contrast to the columnar cells, the cytoplasm of the secretory goblet and Paneth cells appears unaltered, even when infected with virus. Under normal conditions, in both goblet and Paneth cells, granular contents are synthesized in the endoplasmic reticulum and packaged in the Golgi complex, where they accumulate and develop into membrane-bound mature granules. Synthesis and secretion continue in the infected cell3, indicating that they are capable of functioning in spite of the presence of large numbers of virions.
Early changes observed in adenovirus-infected cell cultures, such as intranuclear fibers (13) , and paracrystalline formation (11) have not been seen in either columnar or secretory epithelial cells. These morphological differences between in vivo and in vitro response to viral infection may be due to difficulty of sampling, but may be also related to differences in the strain of adenovirus or to host factors (8) .
Nor has cell necrosis been observed even in the prematurely shedding cells of the gut, such as has been reported by Margolis and colleagues (12, 15) in their study on the interaction between host cells and the adrenotropic mouse adenovirus. Multiplication of this adenovirus produces severe degeneration and necrosis of the infected adrenal cortical cells and an acute inflammatory response, the latter, possibly, secondary to cell necrosis. It is possible that the premature extrusion of the mouse intestinal epithelial cells infected with K87 adenovirus may prevent the severe degeneration and death seen in the adrenotropic adenovirus infection and, therefore, may also be responsible for the lack of inflammation noted in the viral enteric infection.
In conclusion, the present FA, LM, and EM in vivo studies of adenovirus K87 in mice have provided new information on several aspects of the interaction between virus and host cells as yet undisclosed by in vitro observations.
